The aim of this study was to investigate and compare the changes in surface plasmon resonance (SPR) of silver (Ag) hydrosol and organosols obtained by experimental and theoretical approaches. Silver nanoparticles (Ag NPs) of 5±1.5 nm in diameter were prepared in water by reduction of silver nitrate with sodium borohydride. Nanoparticles were subsequently transferred into different organic solvents (chloroform, hexane, toluene, 1,2-dichlorobenzene) using oleylamine as a transfer agent. These solvents were chosen because of the differences in their refractive indices. Using UV-Vis absorption spectrophotometry and transmission electron microscopy (TEM), we confirmed that there were no shape and size changes of the nanoparticles upon the transfer to the organic phase. The absorption spectra of the obtained Ag organosols showed changes only in the position of the SPR band depending on the dielectric property of the used solvent. To analyze these changes, absorption spectra were modelled using Mie theory for small spherical particles. The experimental and theoretical resonance values were compared with those predicted by the Drude model and its limitations in the analysis of absorption behavior of Ag NPs in organic solvents were briefly discussed.
tinction cross-section, and the ratio of scattering to absorption, on the nanoparticle dimensions. On the other hand, the effects of the particle environment on the SPR band are manifested by a red-shift of the resonance wavelength with the increase of the refractive index of the surrounding medium. These effects have been used for sensor applications [10] [11] [12] . In addition, metal nanoparticles have also found application in many different fields such as biochemistry, photography or catalysis [13] [14] [15] [16] [17] [18] .
Thus far, a variety of synthetic methods has been reported for metallic nanoparticles synthesis [19] [20] [21] [22] [23] [24] [25] . One of the main challenges in the preparation of metal colloids is developing a way to obtain the nanoparticles in specific physicochemical environments, such as organic nonpolar liquids, specific regions within ordered surfactant phases and monolayer assemblies [26] [27] [28] . The understanding of the physicochemical properties of metal organosols is important to their potential use in future photonic applications [27, [29] [30] [31] [32] [33] [34] [35] . The silver organosols display several advantages over silver hydrosols, such as the ability to be isolated and re-dissolved in solvents without irreversible aggregation, stability in air, and so forth. Attempts have been made to obtain nearly monodisperse Ag NPs in different nonpolar solvents -chloroform, hexane, toluene, dichlorobenzene, etc. In this study, we synthesized Ag NPs in water and then transferred them into organic solvents by simple surface modification using oleylamine as surfactant. A capping agent (oleylamine) was used to protect the particles from aggregation. Theoretical and experimental aspects of the optical properties of Ag NPs in different solvents have been discussed. Special attention was paid to the correlation between nanoparticles environment and their optical properties.
EXPERIMENTAL

Materials
Silver nitrate (AgNO 3 ), sodium borohydride (NaBH 4 ), oleylamine, chloroform, hexane, toluene, and 1,2-dichlorobenzene were purchased from Merck and used as received. Milli-Q deionized water was used for synthesis.
Preparation of silver sols
Silver hydrosol was prepared by the reduction of silver ions using NaBH 4 , as described elsewhere [24, 36] . Typically, 10 mg of NaBH 4 was added into 250 ml of argon-saturated solution of 5×10 -4 M AgNO 3 . Yellow silver hydrosol was formed immediately without any additional stabilizer. Due to hydrolysis of excess NaBH 4, pH increased and reached value of 9.8. The silver hydrosol was stable several hours in argon atmosphere.
The transfer of Ag NPs from the hydrosol into organic phase (chloroform) was performed using oleylamine as transfer agent. To do so, 250 ml of 5×10 -4 M prepared hydrosol was mixed with 25 ml of chloroform containing 1.5×10 -2 M oleylamine and stirred vigorously. Two layers with a clean boundary in the bottle were observed. The bottom layer became yellowbrownish while the upper aqueous layer became colorless, evidently due to the transfer of Ag NPs from the aqueous phase to the organic phase. This can be confirmed from the photographs of Ag NPs in both aqueous and organic phases (see insets of Figures 1 and 3 ). Silver NPs in other organic solvents, beside chloroform, were prepared by evaporating chloroform from the 1 ml of initial organosol and subsequent re-dispersion of the sediment into equal amount of hexane, toluene, and 1,2-dichlorobenzene. All prepared Ag organosols were stable for at least few months with no evident changing.
Apparatus
The size distributions of Ag NPs were determined using a Philips EM-400 transmission electron microscope (TEM) operating at 100 kV. The samples were prepared by placing a drop of silver colloid onto a carbon-coated Cu grid, which was allowed to dry in air. Concentrations of the Ag NPs in water and chloroform used to prepare TEM samples were 0.054 and 0.54 mg/ml, respectively. UV-Vis absorption spectra of the silver hydrosol and organosols were acquired by using a Termoscientific Evolution 600 spectrophotometer at room temperature.
RESULTS AND DISCUSSION
The strong reducing agent (sodium borohydride) produced a sol containing silver particles, whose average diameter was smaller than the wavelength of visible light. During chemical reduction of silver ions, silver atoms are formed, aggregating into nuclei of a new phase, which can grow and yield stable Ag NPs. An important role for the final particle distribution is played by agglomeration of very small, primarily formed particles. The shape and size distribution of prepared Ag NPs were examined by TEM and a representative image of silver hydrosol and its photograph are given in Figure  1a . It can be seen that the NPs are mainly spherical and isolated. Although we did not use any stabilizing agents in the preparation procedure, the absence of aggregates in the sample can be attributed to the adsorption of − 4 B(OH) on the surface of nanoparticles [36] . According to this, particle stability is achieved through the electrostatic repulsion between the negatively charged Ag NPs. Based on TEM measurements, the corresponding particle size distribution is presented in Figure 1b . The particle sizes were between 4 and 7 nm with an average diameter d av = 5.6 nm and polydispersity 32%. Polydispersity represents the ratio between the full width at half maximum (FWHM) and average diameter of Ag NPs according to Figure 1b .
The UV-Vis absorption spectrum of the initial Ag hydrosol (Figure 2a ) shows intensive absorption of Ag NPs arising from the collective oscillations of the free conduction band electrons that are induced by the incident electromagnetic radiation. The yellow color of the hydrosol is a manifestation of narrow SPR band with maximum at around 389 nm. To model observed absorption spectra of silver colloids, we used Mie theory [9] for the calculation of the optical properties of Ag NPs. According to the theory, the extinction efficiency Q ext of a single small metallic sphere of radius r in a dielectric environment with dielectric constant ε m is given by:
where m x kr ε = and k = 2π/λ. In the preceding relation, ε(λ) stand for complex dielectric function of silver nanoparticles, which is in our study obtained using the Hao and Nordlander fit [37] of the Johnson and Christy experimental data for bulk silver [38] and after appropriate correction for small particle size according to Hovel et al. [39] (Figure 2b ). Theoretical absorption band for 5 nm Ag NPs in water (refractive index n = = 1.33) is given in Figure 2b . It can be seen that the main features of the experimental spectrum are reproduced by Mie theory. Furthermore, the theoretical band is positioned at 390 nm, which is in good agreement with the experimental measurement. To achieve the phase transfer of Ag NPs from water into nonpolar organic solvents, it was necessary to use a surfactant that forms adsorption layer on the Ag NPs. The oleylamine was used as a capping agent, which enabled the phase transfer and prevented particle aggregation, oxidation and degradation, as well as to render the particle surface hydrophobic. The oleylamine-capped metal particles are actually kinetically rather than thermodynamically stabilized and their interactions are considered to be quite weak [40] . The Ag NPs in organic solvents were also characterized by TEM measurements. As an example, a typical TEM image of the Ag NPs in the chloroform is shown in Figure 3 (TEM images of other Ag organosols are not shown). The TEM image clearly indicates that transfer of Ag NPs to chloroform resulted in their spontaneous organization in two-dimensional (2D) close-packed arrays, and has no influence on the particles morphology and size. This is a consequence of high concentration of silver particles in chloroform and low polydispersity of the system. Based on TEM investigations, the average diameter of the Ag NPs after phase transfer was 6.5 nm (histogram, Figure 3 ).
In addition, the oleylamine-capped Ag NPs were effectively transferred in a similar fashion to other organic solvents, such as hexane, toluene and 1,2-dichloro- benzene, and the UV-Vis spectra of all organosols are presented in Figure 4 (experimental curves). In all cases, the spectra show that the organosols exhibit intensive and narrow absorption bands, which indicates that there was no aggregation of the particles upon the phase transfer. The obtained narrow half-width of the SPR band also implies that prepared Ag NPs are highly uniform. This conclusion can be further supported by calculating the extinction efficiencies of the obtained organosols (Eq. (1)) since Mie theory describes absorption behavior of non-interacting spherical nanoparticles. As can be seen in Figure 4 (red lines), the theoretical spectra of silver organosols show good agreement to those obtained experimentally.
On the other hand, the only difference that can be observed between absorption spectra of the Ag nano- 
Figure 4. Comparison of experimental (solid black line) and theoretical (dashed red line) UV-Vis absorption spectra of Ag NPs in hexane (a), chloroform (b), toluene (c), and 1,2-dichlorobenzene (d).
particles in water and organic solvents is that the peak position of the surface plasmon resonance of Ag organosols is red shifted in comparison to the absorption spectra obtained for Ag hydrosol. This is a consequence of the different nanoparticles environments (i.e., solvents). These particular solvents were chosen because of the distinctive difference in their refractive index. Namely, according to Drude theory [41] , dielectric constant of the surrounding medium exclusively determines the plasmon peak position. Therefore, by changing the environment in which nanoparticles are dispersed we can alter their resonant absorption. In other words, by controlling the dielectric constant of the surrounding medium we can predict the wavelength of the SPR band, which can be used for optical applications of these nanoparticles. The process of solvent change from water to nonpolar solvents should lead to a red shift of the plasmon band, due to the higher refractive index of these solvents with respect to that of water. As an example, the SPR band of Ag NPs in chloroform (peak position at 410 nm) is red-shifted for about 21 nm compared to the position of plasmon band of the Ag hydrosol. The details of the maximum peak position and refractive index of used solvents are summarized in Table 1 . Thus far, the theoretical calculation of Ag NPs absorption bands employed experimental values of the dielectric constants of Ag taken from [38] . To analyze the changes in SPR position further we can use Drude equation for the dielectric function of Ag NPs given by:
since this equation describes absorption behavior well in the vicinity of the peak position. In the equation 2, ε ∞ represents the contribution of the vacuum and interband electronic transitions, ω p is the bulk plasmon frequency, and:
is the size dependent damping frequency, Γ 0 is the bulk damping frequency, v F Fermi velocity, and A is the theory dependent parameter that includes details of scattering process. By introducing Eq. (2) into the Eq.
(1) for extinction efficiency, one can obtain following relation for the surface plasmon peak position:
It can be seen that the λ c values depend solely on ε m , since ε ∞ and ω p are assumed constant for a given metal. Note that the refractive index of the medium is directly related to its dielectric constant (ε m = n 2 ).
The SPR positions as a function of dielectric constant estimated from the absorption bands of the prepared colloids, as well as those obtained using Mie theory are given in Figure 5a . It can be seen that the λ c values increase with the increase of the ε m as predicted by Eq. (4) (black line in the Figure 5a ). The λ c (ε m ) dependence (Eq. (4)) was determined using the following parameters for silver: ω p = 9.5 eV, Γ 0 = 0.1 eV, ε ∞ = 5, v F = 1.4×10 6 m/s and A = 1 [42] . One can notice that for given ε m , the λ c values of the experimental and theoretical curves are somewhat higher than those obtained using Eq. (4). The reason for these differences is the underestimated ε ∞ , and to demonstrate that we fitted our experimental and theoretical data with the function:
in which the proper ε´ values are determined for the dielectric constant of silver at high frequencies.
The results of this analysis are given in Figure 5b and F(ε m ) fits yield ε´ = 5.7 and ε´ = 5.3 for the experimental and theoretical data, respectively. It is important to note that theoretical curves were obtained using experimental data for the calculation of dielectric function of Ag NPs. Therefore, for the a priori estimation of Ag NPs peak position in organic solvents by Eq. (4) we suggest that it would be more accurate to use higher value for the dielectric constant of silver at high frequencies (ε ∞ = 5.5±0.2). Bearing in mind that ε ∞ = 1 + χ, where χ represents the contribution of the interband transitions, one can conclude that inner electrons influence the absorption behavior of silver nanoparticles in organic solvents. However, the difference between the Drude model predicted and experimental peak positions cannot be attributed solely to this effect, since additional processes in silver organosols can occur, such as charge transfer between the nanoparticles surface and solvent molecules, which result in lowering of the plasmon frequency value ω p [43] .
CONCLUSION
A simple method of phase transfer Ag NPs with narrow size distribution from water to nonpolar organic solvents is described. The oleylamine served as both a transfer and a surface capping agent. The so prepared hydrophobic nanoparticles were stable and readily redispersable in a variety of nonpolar solvents. From the UV-Vis absorption spectra and TEM images, we confirmed that there were no shape and size changes of the nanoparticles upon transfer to the organic phase. Theoretical bands, calculated by Mie theory using experimental data for the calculation of dielectric function of Ag NPs, confirmed experimentally gained redshift of SPR band, after the phase transfer due to the increase in dielectric constant of the particles environment. The slight disagreement between experimental and theoretical curves obtained by Drude relation for the SPR peak position is attributed to underestimated value for the dielectric constant of silver at high frequencies. Therefore, after fitting experimental and theoretical data for estimation of Ag NPs peak position in organic solvent we concluded that it would be more appropriate to use higher value for the dielectric constant of silver at high frequencies ε ∞ = 5.5±0.2.
The curves obtained in this way may be used to characterize the Ag NPs in different media. Furthermore, this method of phase transfer can also be applied for efficient transfer of other metal nanoparticles, such as Au and Cu, to various nonpolar organic solvents. The advantages of such organosols can be found in the applications of metal particles as catalysts and open the possibility for their interaction with polymers or organic dyes to obtain composites for fundamental optical studies and applications.
